1. Introduction {#sec1}
===============

Most *in vitro* studies have been done in two-dimensional monocultures, while accumulating evidences suggest that cells behave differently when they were grown within a three-dimensional (3D) extracellular matrix and also interact with other cells \[[@B1]\]. The development of 3D skin equivalent (SE) models has enabled the field to investigate cell-matrix and cell-cell interactions between different cell types \[[@B1]\]. So far, *in vitro* evaluation of skin sensitivity will be a most common application of SE models \[[@B2]\]. Furthermore, SE models can be used for an efficacy testing to prove antiageing activity \[[@B3]\] or hypopigmenting effects \[[@B4]\]. However, SEs will be more useful experimental models in many aspects of biology. Vitamin C is an important low-molecular weight antioxidant molecule that, in addition to stimulating collagen synthesis, also appears crucial for the healing process and wound repair \[[@B5]\]. Furthermore, it has been reported that vitamin C promotes formation of the epidermal barrier \[[@B6]\], and we also reported that vitamin C affects epidermalization in reconstructed human epidermis \[[@B7]\]. Recently, it is reported that epidermal side population with stem cell-like characteristics exhibited less mitochondrial area, fewer peroxisomes, and produced lower levels of reactive oxygen species (ROS) than more differentiated keratinocytes \[[@B8]\]. These findings suggest that redox status may be an important regulator of epidermalization. Then, it will be interesting to examine various antioxidants for these effects. *Ganoderma lucidum (G. lucidum)*, a highly nutritional and medicinal mushroom, is known to have strong antioxidant activities \[[@B9]\]. *Rhodiola sachalinensis (R. sachalinensis)*, which had been widely used as a traditional medicine, is known to have active compounds such as catechin, chlorogenic acid, p-Coumaric acid, and p-tyrosol \[[@B10]\]. In this study, the effects of vitamin C and plants extracts from *G. lucidum* and *R. sachalinensis* were studied in 3D SE models in terms of basement membrane formation and stem cell markers.

2. Material and Methods {#sec2}
=======================

2.1. Extraction Procedure {#sec2.1}
-------------------------

To obtain the extracts, the plants were thoroughly dried and ground into powder, and then 50% ethanol was used to extract the soluble components at room temperature for 24 hrs. The extracts were then filtered through Whatman filter paper (Whatman Ltd, Maidstone, England) and concentrated as a stock solution (100 mg/mL**)**.

2.2. DPPH Radical Scavenging Assay {#sec2.2}
----------------------------------

A sample of each stock solution (2 *μ*L, 100x) was added to 80 *μ*L of 0.25 mM 1,1-diphenyl-2-picrylhydrazyl (DPPH, Sigma-Aldrich, St. Louis, MO) and 118 *μ*L of 70% ethanol to give a final DPPH concentration of 0.1 mM. Next, the mixture was vigorously shaken and then left to stand for 10 min in the dark. The absorbance at 517 nm was then measured using an ELISA reader (TECAN, Salzburg, Austria) \[[@B11]\].

2.3. Primary Culture of Keratinocytes and Fibroblasts {#sec2.3}
-----------------------------------------------------

Normal human keratinocytes and fibroblasts were isolated from human foreskins obtained during circumcisions. All samples were obtained with informed consent. Keratinocytes were cultured in keratinocyte growth medium (KGM, Clonetics, San Diego, CA), and fibroblasts were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, LM001-05, WelGENE, Daegu, Republic of Korea) supplemented with 10% fetal bovine serum (FBS, Thermo Scientific HyClone, Logan, UT).

2.4. MTT Assay for Cell Cytotoxicity {#sec2.4}
------------------------------------

Cells (4 × 10^4^ cells/well) were seeded into 24-well plates. After serum starvation for 24 hrs, the cells were incubated with test samples for 24 hrs at 37°C under 5% CO~2~. MTT (Sigma-Aldrich) solution (100 *μ*L of 5 mg/mL) was added, and the plates were incubated for an additional 4 hrs. The supernatant was removed, and the formazan crystals were dissolved in dimethylsulfoxide (1 mL, Sigma-Aldrich). Then, the optical density was determined at 540 nm using an ELISA reader (TECAN) \[[12](12)\].

2.5. Reconstruction of Skin Equivalents {#sec2.5}
---------------------------------------

SEs were constructed following our previous method \[[@B13]\]. Briefly, dermal substitutes were prepared according to the reported method with some modifications \[[@B14]\]. Type I collagen was extracted from the tendons of rat-tails. Dermal substitutes were then made by mixing eight volumes of type I collagen with one volume of 10x concentrated DMEM and one volume of neutralization buffer (0.05 N NaOH, 0.26 mM NaHCO~3~, and 200 mM HEPES) and then adding 5 × 10^5^ fibroblasts. After gelling in a 30 mm polycarbonate filter chamber (3.0 *μ*m Millicell; Millipore, Bedford, MA), human keratinocytes (1 × 10^6^ cells) were then seeded onto the dermal substitute. After 1 day in a submerged state, they were cultured at the air-liquid interface for 12 days. The growth medium consisted of DMEM and Ham\'s nutrient mixture F12 at a ratio of 3 : 1, supplemented with 5% FBS, 0.4 *μ*g/mL hydrocortisone, 1 *μ*M isoproterenol, 25 *μ*g/mL ascorbic acid, and 5 *μ*g/mL insulin. A low concentration of EGF (1 ng/mL, Invitrogen Co., Carlsbad, CA) was also added during the submerged culture, and a higher concentration of EGF (10 ng/mL) was added during the air-liquid interface culture. The medium was changed three times per week, and all experiments were repeated at least twice under the same conditions. During the air exposure period, samples were added.

2.6. Histology and Immunohistochemistry {#sec2.6}
---------------------------------------

At the end of the growth period, the SEs were fixed with Carnoy\'s fixative and embedded in paraffin. Immunohistochemical staining was performed on deparaffinized sections using the avidin-biotin-peroxidase complex technique (DAKO, Carpinteria, CA). Antibodies against integrin *α*6 (\#sc-6597), integrin *β*1 (\#sc-9970), and p63 (4A4, \#sc-8431) were obtained from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Antibody against PCNA (proliferating cell nuclear antigen, \#M0879) was obtained from DAKO (Glostrup, Denmark). Results of immunohistochemistry were analyzed quantitatively using MetaMorph Offline version 7.7.0.0 image analysis software (Molecular Devices, Downingtown, PA). The statistical analysis was done using Microsoft Office Excel 2007\'s TTEST function.

3. Results {#sec3}
==========

3.1. Antioxidant Activity of Plant Extracts {#sec3.1}
-------------------------------------------

*G. lucidum* and *R. sachalinensis*, which are frequently used in herbal medicine, were chosen because of their well-known antioxidant activities \[[@B9], [@B10], [@B15]\]. After being extracted with 50% ethanol, the concentrated extracts (100x) were prepared, and their scavenging effects on DPPH radicals were examined. Compared to vitamin C, the extracts from *G. lucidum* and *R. sachalinensis* showed relatively weak antioxidant activity at low concentrations (10 *μ*g/mL) but good antioxidant activities at high concentrations (100 *μ*g/mL) ([Figure 1](#fig1){ref-type="fig"}).

3.2. Cytotoxicity of Plant Extracts {#sec3.2}
-----------------------------------

The cytotoxicity of the plant extracts was analyzed using an MTT assay. Cultured normal human keratinocytes were incubated with increasing concentrations of plant extract up to 100 g/mL ([Figure 2](#fig2){ref-type="fig"}). The results showed that extracts from *G. lucidum* and *R. sachalinensis* were not toxic at any of the concentrations tested. Interestingly, high concentrations of extract from *R. sachalinensis* slightly increased the proliferation of normal human keratinocytes ([Figure 2](#fig2){ref-type="fig"}).

3.3. Histology of Normal Skin and SEs {#sec3.3}
-------------------------------------

Characteristic multilayering and stratification of the epidermis were observed in all of the SE models. There was no significant difference in the thickness of the epidermis. However, the basal cells became cuboidal when vitamin C or plant extracts were added (Figures [3(c)](#fig3){ref-type="fig"}, [3(d)](#fig3){ref-type="fig"}, [3(e)](#fig3){ref-type="fig"}, and inserts).

3.4. Immunohistochemical Staining for Integrins {#sec3.4}
-----------------------------------------------

Integrin *α*6 is a marker of extracellular adhesion receptors that is distributed along the dermal epidermal junction and indicates the existence of hemidesmosomes \[[@B16]\]. Integrin *β*1, which is expressed throughout the basal cell membrane, plays a role in cell-matrix and cell-cell interactions \[[@B17]\]. Immunohistochemical staining revealed that linear and intense staining of *α*6 and *β*1 integrin was observed along the basement membrane in vitamin C or plant extract treated models ([Figure 4](#fig4){ref-type="fig"}).

3.5. Immunohistochemical Staining for p63 and PCNA {#sec3.5}
--------------------------------------------------

The p63 is a potential stem cell marker that belongs to a family that includes two structurally related proteins, p53 and p73 \[[@B18]\]. PCNA is known to be present throughout the cell cycle in proliferating cells \[[@B19]\]. Immunohistochemical staining for p63 and PCNA was performed, and the number of p63 and PCNA positive cells was counted in randomly selected 5 different high-power fields. Results showed that the number of p63 and PCNA positive cells was generally higher in the vitamin C or plant extract treated models than in the control SEs. However, the number of PCNA positive cells was not increased in low concentration of plant extract treated models.

4. Discussion {#sec4}
=============

The skin is constantly exposed to exogenous sources of oxidative stress, including ultraviolet (UV) radiation, chemical oxidants, and aerobic microorganisms. Because the skin must provide the first line of defense against environmental free radical stress, it has developed a complex antioxidant network that includes enzymatic and nonenzymatic components \[[@B20]\]. Thus, various antioxidants are used to make skin care products in order to provide protective effects against environmental free radical. It is well known that there are diverse actions of antioxidant in normal physiology and also in pathologic conditions \[[@B21]\]. Then, various aspects of research are absolutely needed to understand the role of antioxidants.

SE models provide an investigative system in which cell-cell or cell-matrix interactions can be tested \[[@B14]\]. In this study, the effects of vitamin C or plant extracts with high antioxidant activities were investigated using 3D SE models. First of all, histologic findings were compared. Although the thickness of the epidermis was similar in all of the models tested in this study, the basal layer appeared to be more compact in the models that were treated with vitamin C or plant extracts ([Figure 3](#fig3){ref-type="fig"}). In normal skin, basal cells appear cuboidal in shape with their long axes aligned perpendicular to the dermoepidermal junction ([Figure 3(a)](#fig3){ref-type="fig"}, insert). Furthermore, cuboidal keratinocytes flatten as differentiation progresses ([Figure 3(a)](#fig3){ref-type="fig"}). Our study also showed that the basal cell looked cuboidal when vitamin C or plant extracts were added. Therefore, it can be said that cuboid-shaped basal cells are considered to be epidermal basal cells with higher proliferative potential. Taken together, the results of this study suggest that antioxidants are an important regulator in the maintenance of the proliferative potential of epidermal basal cells.

In order to analyze the mechanism, expression of integrins was studied. Integrin *α*6 is distributed along the dermal epidermal junction \[[@B16]\]. Integrin *β*1 is expressed throughout the basal cell membrane \[[@B22], [@B23]\]. Our results showed that there was increased expression of *α*6 and *β*1 integrin along the basement membrane when SEs were treated with vitamin C or plant extracts. It is reported that integrin expression is reduced in standard SE models compared to normal skin \[[@B7]\]. Thus, our findings suggest that vitamin C or these plant extracts improved the microenvironment of epidermal basal cells by modulating integrin expression. Aging is usually defined as a phenomenon which exhibits a deviation from the normal program of extracellular matrix biosynthesis \[[@B24]\]. In the skin, cell-ECM interactions also influence normal homeostasis, aging, wound healing, and diseases \[[@B25]\]. Because basement membrane is an epidermal ECM, changes of integrin expression can affect the fate of epidermal stem cells. The p63 is known as a putative stem cell marker of skin \[[@B18]\]. Our results also revealed that vitamin C or plant extracts increased the number of p63 positive cells compared to control model ([Figure 5(a)](#fig5){ref-type="fig"}). These findings showed that vitamin C or plant extracts promotes the survival of epidermal basal cells in SEs. Recently, it has also been reported that p63 regulates an adhesion program and cell survival in epithelial cells \[[@B26]\]. In order to found the relationship between the stemness and proliferative potential, immunohistochemical staining for PCNA was performed. The number of PCNA positive cells increased by the addition of vitamin C or high concentrations of plant extracts ([Figure 5(b)](#fig5){ref-type="fig"}). These results showed that the number of proliferating cells is increased by the addition of vitamin C or plant extracts. In summary, it can be said that vitamin C or plant extracts increased the stemness and the proliferative potential of epidermal basal cells. Although the relationship between oxidative stress and stem cells is not known, recent publication showed that epidermal side population with stem cell-like characteristics produced lower levels of ROS than more differentiated cells \[[@B8]\]. In addition, our results showed that addition of vitamin C or plant extracts increased the stemness of epidermal basal cells. Thus, these findings suggest that antioxidant increased the stemness and the proliferative potential of epidermal basal cells by providing favorable microenvironment. Although the specific component of *G. lucidum* or *R. sachalinensis* can show these effects, our results provide evidence that redox status affects stemness and proliferative potential of epidermal basal stem cells, but further study is necessary to explore the molecular mechanism of vitamin C or plant extract.
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![Scavenging effects of antioxidants for DPPH. Scavenging effects were assessed as described in Materials and Methods section. Data shown are the means ± SD of three independent experiments. Vit. C:, vitamin C; *G. l:*, *G. lucidum*; *R. s:*, *R. Sachalinensis*.](OXIMED2012-819623.001){#fig1}

![Effects of antioxidants on keratinocyte viability. Cells were serum-starved for 24 hrs and then treated with antioxidant plant extracts at 0.1--100 *μ*g/mL for 24 hrs in serum-free media. Cell viabilities were determined using MTT assays. Each determination was made in triplicate, and the data shown are the means ± SD. *G. l*: *G. lucidum*; *R. s*: *R. sachalinensis*.](OXIMED2012-819623.002){#fig2}

![Histologic findings of normal skin and SEs. SEs were constructed and incubated in the presence of vitamin C, *G. lucidum*, or *R. sachalinensis* at a concentration of 1 or 10 *μ*g/mL. Sections of SEs were hematoxylin/eosin stained. (a) normal skin, (b) control SE, (c) SE treated with vitamin C, (d) SE treated with *G. l,* (e) SE treated with *R. s*.](OXIMED2012-819623.003){#fig3}

![Immunohistochemical staining for integrins. The SEs were constructed and incubated in the presence of vitamin C (Vit. C), *G. lucidum*, or *R. sachalinensis* at 1 or 10 *μ*g/mL. Sections of SEs were stained for integrin *α*6 (a) or integrin *β*1 (b). Intensity of both integrins was significantly increased by addition of Vit. C or plant extracts.](OXIMED2012-819623.004){#fig4}

![Immunohistochemical staining for p63 and PCNA. The SEs were constructed and incubated in the presence of vitamin C (Vit.C), *G. lucidum*, or *R. sachalinensis* at 1 or 10 *μ*g/mL. Sections of SEs were stained for p63 (a) or PCNA (b).](OXIMED2012-819623.005){#fig5}
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